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Plasma fluctuations in the scrape-off layer of the Alcator C-Mod tokamak in ohmic and
high confinement modes have been analyzed using gas puff imaging data. In all cases in-
vestigated, the time series of emission from a single spatially-resolved view into the gas
puff are dominated by large-amplitude bursts, attributed to blob-like filament structures
moving radially outwards and poloidally. There is a remarkable similarity of the fluctu-
ation statistics in ohmic plasmas and in edge localized mode-free and enhanced D-alpha
high confinement mode plasmas. Conditionally averaged wave forms have a two-sided
exponential shape with comparable temporal scales and asymmetry, while the burst ampli-
tudes and the waiting times between them are exponentially distributed. The probability
density functions and the frequency power spectral densities are self-similar for all these
confinement modes. These results are strong evidence in support of a stochastic model de-
scribing the plasma fluctuations in the scrape-off layer as a super-position of uncorrelated
exponential pulses. Predictions of this model are in excellent agreement with experimental
measurements in both ohmic and high confinement mode plasmas. The stochastic model
thus provides a valuable tool for predicting fluctuation-induced plasma–wall interactions
in magnetically confined fusion plasmas.
a)Electronic mail: odd.erik.garcia@uit.no. Invited speaker 59th APS DPP 2017
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I. INTRODUCTION
The life-time of plasma facing components at the outboard mid-plane region in the next gen-
eration magnetic confinement experiments and future fusion reactors is likely to be limited by
enhanced erosion rates due to radial motion of blob-like filament structures through the scrape-off
layer (SOL).1–10 It is therefore of great interest to elucidate the statistical properties of the intermit-
tent fluctuations in the boundary region for reactor relevant conditions and plasma parameters.11–30
In particular, the rate of erosion will depend on the amplitude of the structures, the duration of the
events, and their frequency of occurence.31–40 If there are universal statistical properties of the
fluctuations, it may be possible to give reliable predictions of fluctuation-induced plasma–wall
interactions by use of phenomenological statistical models.31–50
In order to identify the statistical properties of the fluctuations in the SOL, exceptionally long
measurement data time series under stationary plasma conditions in ohmic and low confinement
mode (L-mode) plasmas have previously been carefully analyzed.31–37 It has been demonstrated
that the fluctuations are strongly intermittent in the far-SOL with an exponential tail in the prob-
ability density function (PDF) for large fluctuation amplitudes. In ohmic plasmas, the frequency
power spectral density has been shown to be similar for all radial positions in the SOL and line-
averaged densities.33 Based on this, a stochastic model of the plasma fluctuations has been devel-
oped and its underlying assumptions and predictions are found to compare favorably with experi-
mental measurements in ohmic and L-mode plasmas.31–40
In this work, it is demonstrated for the first time that the plasma fluctuations in the SOL of
Alcator C-Mod have the same statistical properties in ohmic and high confinement mode (H-
mode) plasmas. The latter includes both an ELM-free H-mode and an enhanced D-alpha (EDA)
H-mode confinement regimes. In particular, it is shown that large-amplitude bursts in the SOL
data time series have an exponential wave form with constant duration. Both the peak amplitudes
of these bursts and the waiting times between them are exponentially distributed. Moreover, the
frequency power spectral densities in the SOL have a self-similar shape for both ohmic and H-
mode plasma states. This gives further evidence for universality of plasma fluctuations in the SOL
of magnetically confined plasmas and supports the stochastic model.
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II. EXPERIMENTAL SETUP
Alcator C-Mod is a compact, high-field tokamak with major radius R0 = 0.68m and minor
radius a = 0.21m.51–53 All experiments analyzed here were deuterium fuelled plasmas in a lower
single null divertor configuration. There is a wide range of plasma operation conditions available
for the Alcator C-Mod tokamak. In the case of strong auxiliary ion cyclotron range of frequencies
(ICRF) heating, there are two different types of H-modes on Alcator C-Mod without edge local-
ized modes (ELMs). The most common is the so-called enhanced D-alpha (EDA) H-mode, which
is a steady mode of operation with an edge transport barrier. Enhanced particle transport has been
correlated with a quasi-coherent mode (QCM) observed in the particle density and magnetic fluc-
tuations at frequencies between 50 and 200kHz.54–56 This mode is believed to prevent impurities
from accumulating in the core, resulting in a steady state EDA H-mode without ELMs.
Another type of H-mode on Alcator C-Mod is the so-called ELM-free H-Mode. In this case
there is a strong particle and heat transport barrier but a lack of macroscopic instabilities of the
edge pedestal. This results in an accumulation of impurities in the core, which eventually causes
a radiative collapse of the plasma. Both the plasma and impurity densities increase monotonically
during these ELM-free H-modes. ELM-free H-modes are therefore inherently transient in nature.
However, from the point of view of the far-SOL turbulence properties, this is an interesting mode
of confinement due to the absence of a transport regulator in the edge region. Finally, it is to be
mentioned that the H-mode data sets analyzed here have been carefully chosen such that the GPI
measurements are not influenced by the strong electric fields from the ICRF wave antennas. When
the GPI field of view is magnetically mapped along field lines to the antenna, there are significant
changes in the dynamics of blob-like filament structures,57 and the fluctuations are found to be near
normally distributed throughout the SOL. Such interactions are beyond the scope of this study.
The GPI diagnostic on Alcator C-Mod consists of a 9×10 array of in-vessel optical fibres with
toroidally viewing, horizontal lines of sight.56–58 The plasma emission collected in the views is
filtered for He I (587nm) line emission that is locally enhanced in the object plane by an extended
He gas puff from a nearby nozzle. Because the helium neutral density changes relatively slowly
in space and time, rapid fluctuations in He I emission are caused by local plasma density and
temperature fluctuations. The emission can be parameterized as proportional to nαe T
β
e , with the
exponents α and β dependent upon the local electron density ne and temperature Te.
58,59 The
optical fibres are coupled to high sensitivity avalanche photo diodes and the signals are digitized
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Plasma state Shot number Duration/ms B0 /T Ip /MA ne/nG PRF /MW
Ohmic low density 1150618021 250 4.0 0.6 0.3 0
Ohmic high density 1150618036 460 4.0 0.6 0.6 0
ELM-free H-mode 1110201011 100 5.4 1.2 0.5 3.0
EDA H-mode 1110201016 225 5.4 0.9 0.6 3.0
TABLE I. List of plasma discharges giving the confinement state, shot number, duration of the time inter-
val used for statistical analysis, axial magnetic field on axis, plasma current, Greenwald fraction of line-
averaged core plasma density, and ICRF heating power.
at a rate of 2× 106 frames per second. The viewing area covers the major radius from 88.00 to
91.08cm and vertical coordinate from −4.51 to −1.08cm with an in-focus spot size of 3.8mm
for each of the 90 individual channels. The limiter radius mapped to the GPI view position is at
R = 91.0cm.
Fluctuation statistics are here presented from the SOL of four Alcator C-Mod plasmas in differ-
ent parameter regimes and confinement modes. Table I gives the confinement mode, shot number
and the duration of the time interval used for the following statistical analysis, during which all
plasma parameters in the SOL are stationary. Also given in Tab. I are the axial magnetic field
B0, plasma current Ip, the Greenwald fraction of the line-averaged density ne, and the ICRF heat-
ing power PRF during the time interval investigated. Here the Greenwald density is given by
nG = (Ip/pia
2)1020m−3, where Ip is given in units of MA and a is in units of meters.
60
The ohmically heated plasma states were part of a density scan study and the highest density
case has a Greenwald density fraction of ne/nG = 0.6 and a fully detached divertor. These plasma
states are included here also for the reason of comparison to results obtained from lower density
ohmic plasmas previously published in Refs. 31–33. For the ELM-free H-mode case, there is
only data time series of 100ms duration under stationary conditions in the SOL, implying that this
case is not as well converged in the following statistical analysis as the other confinement states
investigated here.
The measurement data for each diode view position is rescaled such as to have vanishing mean
and unit standard deviation. Thus, a measured signal Φ(t) is normalized as Φ˜ = (Φ−Φ)/Φrms,
where Φ and Φrms are the moving average and standard deviation taken over a window of approx-
imately 8ms duration in order to remove low-frequency trends in the signals.
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FIG. 1. Data time series recorded by the GPI diagnostic measured at (R,Z) = (90.69,−2.99)cm for various
plasma parameters and confinement modes. All time series are rescaled such as to have vanishing mean and
unit standard deviation.
III. FLUCTUATION STATISTICS
A short part of the detrended GPI data time series measured at (R,Z) = (90.69,−2.99)cm for
the four discharges listed in Tab. I is presented in Fig. 1, clearly showing the frequent occurrence
of large-amplitude bursts in all confinement modes. The fluctuation data time series in the two
H-mode cases appear qualitatively similar to those in the two ohmic plasma states. It should be
noted that burst amplitudes several times the rms level occurs frequently in all cases.
The radial variation of the relative fluctuation level is presented in Fig. 2, showing an increase
radially outwards in the SOL and order unity fluctuation levels in the far-SOL for all confinement
modes. The high density ohmic case and the EDA H-mode case are indistinguishable except for
a small difference in the limiter shadow region. Also the skewness and flatness moments increase
with radial distance into the SOL. A varying degree of the injected neutral gas will be ionized
in the SOL, depending on the electron density and temperature. The gas puff imaging diagnos-
tic can therefore not be used to distinguish the absolute fluctuation amplitudes in any plasma
parameter.58,59
The probability density functions (PDFs) for the detrended intensity fluctuations at (R,Z) =
(90.69,−2.99)cm are presented in Fig. 3. For all confinement modes there is a pronounced tail
towards large fluctuation amplitudes, as expected from the frequent occurence of large-amplitude
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FIG. 2. Radial profile of the relative fluctuation level for the GPI intensity measured at Z = −2.99cm for
various plasma parameters and confinement modes. The shaded region indicates the limiter shadow region.
bursts in the underlying time series presented in Fig. 1. These are attributed to the excess parti-
cles and heat in blob-like filaments propagating through the SOL. Also shown in Fig. 3 are the
predictions of a Gamma distribution for the large-amplitude tail of the PDFs. This is clearly a
good description of both the ohmic and H-mode cases, with the strongest intermittency for the low
density ohmic case. The shape parameter for the Gamma distributions, which is the ratio of the
pulse duration and average waiting times, are 3/4 for the low density ohmic case, 2 for the high
density ohmic case, 3 for the ELM-free H-mode, and 5 for the EDA H-mode.
In order to further demonstrate the intermittency of the fluctuations, the sample flatness mo-
ment is plotted against the sample skewness moment in Fig. 4 for all GPI diode view positions
in the SOL region and all discharges listed in Tab. I. The full line shows the parabolic relation
between flatness and skewness predicted by a stochastic model describing the fluctuations as a
super-position of uncorrelated exponential pulses with an exponential amplitude distribution.41–44
In agreement with the results in Figs. 2 and 3, the skewness and flatness moments both increase
radially outwards in the scrape-off layer and their parabolic relation is in excellent agreement with
predictions of the stochastic model.
The frequency power spectral densities Ω
Φ˜
for the GPI fluctuation data time series measured
at (R,Z) = (90.69,−2.99)cm are presented in Fig. 5 as function of linear frequency f for various
plasma parameters and confinement modes. These are practically identical for the two ohmic and
the two H-mode plasmas, and are well described the frequency spectrum predicted by a stochastic
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FIG. 3. Probability density function of the GPI intensity signals measured at (R,Z) = (90.69,−2.99)cm for
various plasma parameters and confinement modes. The full lines show the tails of Gamma distributions.
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FIG. 4. Flatness versus skewness moments for GPI intensity signals measured in the SOL at Z =−2.99cm
for various plasma parameters and confinement modes.
model describing the fluctuations as a super-position of uncorrelated exponential pulses with a
duration time of 20µs and pulse asymmetry parameter (that is, pulse rise time over duration time)
of 10−1.33,46 The shape of the frequency power spectrum is furthermore similar for all radial
position in the SOL. One example of this is presented in Fig. 6, showing the spectra for various
radial position in the SOL for the high density ohmic plasma case. The large spikes at high
frequencies are due to measurement noise. Another example of this is presented in Fig. 7 for the
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FIG. 5. Frequency power spectral density of GPI intensity signals measured at (R,Z) = (90.69,−2.99)cm
for various plasma parameters and confinement modes. Also shown is the spectrum predicted by the
stochastic model.
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FIG. 6. Frequency power spectral density of GPI intensity signals measured at Z = −2.99cm for various
radial positions in the SOL for the high density ohmic plasma. Also shown is the spectrum predicted by the
stochastic model.
EDA H-mode, which also shows a spectral peak at approximately 80kHz due to the QCM for
the innermost GPI diode view position at R = 88.00cm. Again, in the SOL the power spectral
densities have the same shape for all radial positions and as for the ohmic plasmas.
In order to reveal the statistical properties of large-amplitude events in the time series, a stan-
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FIG. 7. Frequency power spectral density of GPI intensity signals measured at Z = −2.99cm for various
radial positions in the SOL for the EDA H-mode. Also shown is the spectrum predicted by the stochastic
model.
dard conditional averaging technique is utilized. Events when the intensity signal is above a spec-
ified amplitude threshold value are recorded. The algorithm searches the signal for the largest
amplitude events, and records conditional windows centred around the time of peak amplitude in
the signal whenever the amplitude condition is satisfied. These sub-records are then averaged over
all events to give the conditionally averaged wave-form associated with large-amplitude events in
the signal. Overlap of conditional sub-records are avoided in order to ensure statistical indepen-
dence of the events. Several hundred events are recorded for each of the time series investigated
here.
The conditionally averaged wave-forms calculated for the position (R,Z) = (91.08,−2.99)cm
are presented in Fig. 8 for a threshold value given by 2.5 times the standard deviation. For all
confinement modes there is on average a large peak nearly four times the standard deviation of the
full time series. For the both ohmic and H-mode plasmas, the wave-form is well described by a
two-sided exponential pulse shape with a rise time of 5µs and a fall time of approximately 15µs.
The somewhat longer pulse fall time for the EDA H-mode is likely due to the stronger degree
of pulse overlap suggested by the relatively large shape parameter of the Gamma distribution
presented in Fig. 3.
For each crossing of the 2.5 rms threshold level, the peak amplitudes are also recorded. Figure 9
shows the distribution of these peak amplitudes. The full line shows the prediction of a truncated
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FIG. 8. Conditionally averaged wave form for large-amplitude events in the GPI intensity signals measured
at (R,Z) = (90.69,−2.99)cm for various plasma parameters and confinement modes. Also shown is a
two-sided exponential pulse with a rise time of 5µs and fall time of 15µs.
exponential distribution with a mean amplitude of 3.65, which is the same as the peak value for
the conditionally averaged wave-form presented in Fig. 8. Within the scatter due to finite duration
of the time series, this is clearly an excellent description of the measured data. Similar results
have previously been found for low density ohmic plasmas using both GPI and electric probe
measurements.31–37
The PDF for the waiting times between large-amplitude bursts in the GPI intensity signals
measured at (R,Z) = (91.08,−2.99)cm are presented in Fig. 10, again for a threshold value given
by 2.5 times the standard deviation. For the ohmic and H-mode plasmas, this is well described by
an exponential distribution with an average waiting time of roughly 0.3ms. Such an exponential
distribution of waiting times is consistent with a process with uncorrelated events.
IV. DISCUSSION AND CONCLUSIONS
The radial motion of plasma filaments containing excess particles and heat leads to strongly
intermittent fluctuations in the SOL of magnetically confined plasmas, and may lead to enhanced
levels of plasmas–wall interactions that is a serious issue for the next generation, high duty cycle
confinement experiments and future fusion reactors. In this work, it is for the first time demon-
strated that the statistical properties of these fluctuations are the same in L- and H-mode plasmas.
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FIG. 9. PDF of peak amplitudes in the GPI intensity signals above 2.5 standard deviations measured at
(R,Z) = (90.69,−2.99)cm for various plasma parameters and confinement modes. The full line shows a
truncated exponential distribution.
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FIG. 10. PDF of waiting times between large-amplitude events with peak amplitudes above 2.5 standard
deviations measured at (R,Z) = (90.69,−2.99)cm for various plasma parameters and confinement modes.
The full line shows a truncated exponential distribution.
The fluctuations in the SOL are not influenced by the presence of a transport barrier in the edge
region nor by the presence of mode structure such as the QCM in Alcator C-Mod.
This suggests the presence of universal statistical properties of the SOL fluctuations. In par-
ticular, the average large-amplitude fluctuation wave form is well described by an exponential
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function, and the peak amplitudes of the fluctuations as well as the waiting times between them
are exponentially distributed in both ohmic and H-mode plasmas. This is evidence that supports a
stochastic model describing the fluctuations as a super-position of uncorrelated pulses. This model
predicts a Gamma distribution of the fluctuations where the shape parameter is given by the ratio
of the pulse duration and waiting times. This is in excellent agreement with GPI measurement
data from Alcator C-Mod, comprising a range of line-averaged densities and various confinement
modes. This complements previous investigations of a set of low density ohmic plasmas.31–33
The model further predicts a frequency power spectral density that is independent of the degree
of pulse overlap and the amplitude distribution of the pulses. Hence, the power spectrum is ex-
pected to be self-similar for all radial positions in the SOL. This is indeed shown to be the case for
both ohmic and H-mode plasmas. This suggests that both the near- and the far-SOL fluctuations
are due to uncorrelated exponential pulses but with much more pulse overlap close to the separa-
trix. These observations run contrary to the ideas that the shape of the power spectrum arises from
the interaction of turbulent eddies or self-similar processes. The fluctuation statistics are shown to
be the same in both Ohmic plasmas and high confinement modes. The pulse overlap is observed
to decrease with radius into the SOL. This is likely due to significant poloidal and toroidal flows in
the edge region as well as dispersion of the blob-like filaments as they propagate. It is to be noted
that in the framework of the stochastic model, all the plasma in the SOL is due to radial motion
of filament structures. This results in broad plasma profiles and enhanced levels of plasma–wall
interactions.38–50
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